1. Introduction
===============

Tricuspid atresia (TA) is a congenital heart disease, in which the tricuspid valve fails to develop, causing a block from the right atrium to the right ventricle (RV). The absence of right atrioventricular connection in TA leads to a hypoplastic RV, a right-to-left shunting, and an overbearing left ventricle (LV), which receives and pumps the admixture of all systemic venous and pulmonary venous return. Hemodynamic loads are indispensable in the process of the cardiac remolding, which generally accepted as a determinant of the clinical course of heart failure.^\[[@R1]\]^ Surgeries such as Glenn and Fontan can improve the long-term outcomes of TA,^\[[@R2]\]^ but ventricular failure related late deaths still affect its mortality.^\[[@R3]\]^ Therefore, it is critical to evaluate the anatomical and functional abnormalities of the LV, and to study the intracardiac hemodynamics before and after surgery.

In recent years, echo particle imaging velocimetry (EPIV), vector flow mapping (VFM), and magnetic resonance (MR) velocity mapping have been applied to analyze the intraventricular hemodynamics. However, the low spatial resolution and only 2-dimensional flow field analysis of EPIV^\[[@R4]\]^; the angle dependence and low frame rate of VFM,^\[[@R5]\]^ and the time-consuming scanning and poor temporal resolution of MR,^\[[@R6]\]^ limit the accuracy of them and their applications.

Over the last couple of decades, medical image-based computational fluid dynamics (CFD) has been widely employed to provide intraventricular flow information. CFD is a methodology combining numerical methods with computer simulation that can quantify the flow field. With the development of 3D reconstruction software, CFD has been applied to study the characteristics of flow in the blood vessel ^\[[@R7],[@R8]\]^ and ventricle ^\[[@R9],[@R10]\]^; it has been proved to be capable of providing valuable detailed information that can assist on the assessment of heart performance and diagnose of heart dysfunction at an early stage.^\[[@R10]\]^ Although CFD simulations indicate that the effect of intraventricular blood flow pattern on the pumping power is physiologically insignificant,^\[[@R11]\]^ the CFD simulations of the abnormal flow patterns on ventricular function and mechanical efficiency in TA remain open to inquiry. Therefore, the aim of this study is to reveal the capability of CFD in simulating the anatomic and hemodynamic abnormalities in TA.

2. Methods
==========

2.1. Study subjects
-------------------

Fourteen patients diagnosed with TA using echocardiography, computed tomography, and confirmed by surgery were recruited at the Shanghai Children\'s Medical Center of Shanghai Jiaotong University School of Medicine from August 2013 to May 2017. Patients with serious arrhythmia, heart failure, and systemic and metabolic conditions, which could adversely affect the cardiac structure and function, were excluded. All the patients did not take any drugs that would affect cardiac contractility. All the surgical procedures were performed by the same surgical team. Echocardiography examinations were performed before Glenn or Fontan operation (pre-op group) and after operation within 6 to 10 months (post-op group). One patient was excluded because of bad echocardiography image quality. Thirteen age- and gender-matched normal children were recruited in the study as the normal control group (Table [1](#T1){ref-type="table"}). The parents of all the study subjects have signed informed consent, and the study was approved by the local institutional review board (IRB) and regional research ethics committee (REC) of Shanghai Children\'s Medical Center Affiliated to Shanghai Jiaotong University School of Medicine, in accordance with the requirements of the implementation of the Helsinki declaration. All the study design, manner of data collection, and data analysis in this study were performed in accordance with the guidelines and regulations of IRB and REC.
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Clinical characteristics of study subjects in 3 groups.
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2.2. Image acquisition and analysis
-----------------------------------

A Philips iE33 ultrasonic diagnostic apparatus (Philips, Andover, MA), equipped with an X7--2 or X5--1 probe, was used to acquire full-volume image loops. The standard echocardiographic assessment was performed according to the American Society of Echocardiography Guidelines.^\[[@R12],[@R13]\]^ During acquisition, all subjects were in the left lateral decubitus position, with electrocardiogram recorded simultaneously. The image loops were stored in a hard drive for further CFD reconstruction and analysis.

Tomtec 4D Cardio-View 3 (Tomtec Imaging Systems GMBH, Unterschleisheim, Germany) was applied for post-processing analysis. Primary analyses were performed by manual border tracking in 3 planes (2-chamber, 3-chamber, and 4-chamber), and then end-diastolic volume (EDV), end-systolic volume (ESV), and ejection fraction (EF) were automatically calculated by the software. Images that were not satisfied with tracking could be manually modified and analyzed again.

2.3. CFD Reconstruction, meshing, and simulation
------------------------------------------------

The process of CFD reconstruction, meshing, and simulation is shown in Fig. [1](#F1){ref-type="fig"}. Full-volume echo image loops with a temporal resolution greater than 27 frames per second were imported into Materialise-Mimics 19.0 (Plymouth, MI) for processing. The layer thickness of the echo images was 0.49 mm, which provided detailed information for CFD reconstruction than any other image modalities. At first, the "Thresholding" tool determines gray scale value ranging to include all the cardiac tissue information, including left ventricular and atrial walls, mitral and aortic valve, and ascending aorta. Both the "Multiple slice edit" and "Edit masks" tool can be used for manual adjustment optimize tissue tracing. The "Region growing" tool was applied to generate mask; the "Calculate 3D from mask" tool was applied to generate 3D model. At last, the "Smooth mask" tool was used for surface smoothing to optimize the CFD 3D heart model.

![The process of 3D model reconstruction, meshing and CFD simulation. Patient-specific real-time 3D echocardiography image loops were used for CFD reconstruction of LV, meshing, and then simulated.](medi-97-e9510-g002){#F1}

The cardiac anatomy was determined by echocardiography and then represented by 5 body-fitted prism layers as boundaries ANSYS-ICEM 17.0 (ANSYS, Inc.) for numerical solutions of the Navier--Stokes flow equations. The distance from the first layers to the model surface was 0.02 mm, with 1,000,000 to 3,000,000 tetrahedral mesh elements filling the remaining of the calculated domain. The computational domain was extended to include the proximal atrium and ascending aorta or pulmonary artery for accurate simulation and calculation. The simulation was accomplished by using the ventricular geometry for reconstruction and the velocities of inflow/outflow as boundary conditions. As described in other simulations of ventricular flow studies,^\[[@R14]--[@R17]\]^ in this CFD model, the dynamic valvular motion was not calculated independently with the ventricular walls; similarly, the LV endocardium was smoothed in the simulated model.

At isovolumic relaxation, the ventricular muscle continues to relax for about 0.03 to 0.06 second, and the intraventricular pressures drops rapidly from about 80 mm Hg to almost 0 mm Hg; then follows the early diastole (ED), with a flow velocity around 1.2 m/s. The blood in the LV is assumed to be an incompressible Newtonian fluid with a constant viscosity of 0.004 kg/ms and density of 1060 kg/m^3^. According to the formula of Reynolds index: Re = ρUD/μ, its Reynolds number \>4000, so it is considered to turbulence. Therefore, the standard *k*--*ε* model was applied to solve the motion of intraventricular blood flow; this model is a 2-equation eddy viscosity model based on the solution of equations for the kinetic energy of turbulence and turbulence dissipation rate. The second-order up-wind scheme was employed to complete the steady-state numerical simulation by ANSYS-FLUENT 17.0 software. Finally, boundary conditions from the ECHO data were applied to the finite volume solver package to complete the simulation. When analyzing the vortex during the filling phase, the walls of the models were assumed to be rigid.

After the CFD simulation was completed, the following parameters were calculated: index of the length of main vortex (I~L~, the ratio between the length of the main vortex and the length of the LV), index of the diameter of main vortex (I~D~, the ratio between the diameter of the main vortex and the diameter of the LV), longitudinal distance index of main vortex (I~LD~ = LD/L~LV~, LD: the longitudinal distance from the center of the main vortex to the mitral annulus, L~LV~: the longitudinal distance from apex to the base of LV), and radial distance index of main vortex (I~RD~ = RD/D~LV~, RD: the radial distance from the center of the main vortex to the left ventricular long axis, D~LV~: the distance from septum to the posterior wall at mid-ventricular level).

2.4. Validation
---------------

After the reconstruction was completed, quantified measurements were obtained from the CFD reconstructed results, and then compared with echocardiography measurements. In the apical 4-chamber view, the distance from LV apex to base was acquired as the maximum length (L~LV~), the distance from septum to the lateral wall at the LV mid-ventricular level was acquired as the diameter (D~LV~), and the volume (V~LV~) of the LV were acquired by tracing the endocardial borders. The distance from the septum to the posterior wall was acquired as the LV width (W~LV~) at the mid-ventricular level in the parasternal view. In addition, the spherical index (SI) of the LV was calculated from the ratio between the diameter and length. In the meantime, EDV, ESV, stroke volume (SV), and EF were calculated. Bland--Altman analysis was performed to compare inter-technique agreements between CFD reconstructed measurements and ECHO measurements to validate the CFD method.

2.5. Statistical analysis
-------------------------

Statistical Package for Social Sciences (SPSS 17.0; SPSS Inc, Chicago, IL) was applied for statistical analysis. Numerical variables were presented as mean ± standard deviation. *T* test was performed to test the differences between groups. Bland--Altman analysis was used to test the agreement between CFD measurements and Echo-derived values. All statistical tests were 2-sided, and *P* \< .05 was set for statistical significance.

3. Results
==========

3.1. Clinical characteristics
-----------------------------

The age, gender, weight, and height of normal control group and the pre-op group were comparable (*all P* \> .05) (Table [1](#T1){ref-type="table"}). Among the 13 patients with TA, 9 of them went through the Fontan procedure and 4 went through the Glenn procedure. Three of the 4 patients who had the Glenn procedure went through the Fontan procedure 16 to 24 months later. The thoracic drainage tube was placed in all of the patients for 7.38 ± 2.69 days. The pulmonary artery pressure was acquired via intracardiac catheterization in 11 pre-op TA patients and 4 post-Glenn procedure patients. The average pulmonary artery pressure of the 11 TA patients was 14.36 ± 2.77 mm Hg and the average pulmonary artery pressure of the 4 post Glenn procedure patients was 17.75 ± 3.86 mm Hg. The blood oxygen saturation level (SpO~2~) was significantly low in the pre-op patient group (76.69 ± 7.05%) when compared with the normal control group (99.92 ± 0.28%). The SpO~2~ level improved in the post-op group (83.23 ± 5.67%) when compared with pre-op group (76.69 ± 7.05%), but still under normal level (99.92 ± 0.28%) by the time of the follow-up study. The systolic pressure values were higher in the TA pre- and post-op patients' group than in the normal control group, even though only the post-op group demonstrated significant differences (*P* = .004). However, the diastolic pressure values were lower in the pre-op group than both normal control group and the post-op group, with only the significance was only found in between the pre-op and the post-op group (*P* = .034).

3.2. Anatomic assessments of TA patients before and after surgery versus normal control
---------------------------------------------------------------------------------------

The geometric and volumetric measurements can be derived from the CFD-reconstructed ECHO images. Compared with the normal control group, the pre-op and post-op group demonstrated larger values in geometry measurements during early and late diastole. During ED, the pre-op and post-op group both demonstrated larger LV diameters (D~LVED~, *P* \< .05) and SI (*P* \< .001) (Table [2](#T2){ref-type="table"}); the diameters and the SI both showed decreases in values after surgical procedures. During late diastole, when compared with the normal control group, the TA group showed smaller values in length, and bigger values in diameter and width (all *P* \< .05), along with a significantly increased SIs value of LV (*P* \< .001). Post-op group showed insignificant improvement in SI values, along with longer length, smaller diameter, and smaller width in LV when compared with pre-op group. Compared with the normal control group, the pre- and post-op groups both demonstrated increase in volume measurement, as manifested as significant larger EDV, ESV, and SV in the pre-op group (all *P* \< .05), and a decrease in values post-op. Furthermore, Bland--Altman analyses demonstrated good concordance between the CFD measured values and Echo-derived measurements, in terms of diameters and volumes. The interclass correlations (ICCs) for volume and diameter measurements were 0.93 and 0.94, respectively (Fig. [2](#F2){ref-type="fig"}).
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CFD-derived left ventricular geometric and volumetric measurements in 3 groups during diastole.
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![Bland--Altman analysis of diameter and volume between CFD and echocardiography measurements. (left: Bland--Altman analysis of diameter measurements; right: Bland--Altman analysis of volume measurements).](medi-97-e9510-g004){#F2}

3.3. Intra-cardiac hemodynamic assessment of TA patients before and after surgery versus normal control
-------------------------------------------------------------------------------------------------------

CFD enables the visualization of intracardiac flow; flow property can be semi-quantified with color-coded velocity. In this study, CFD was used to demonstrate the blood flow streamlines of normal LV and the LV of the TA patients' pre-op and post-op (Fig. [3](#F3){ref-type="fig"}). During the filling period, LV pressure drops, when the pressure in the LV is lower than the left atrial (LA) pressure, the mitral valve opens, blood flows into the LV from the LA, and forms a main vortex with counter-clockwise rotation. In the normal LV, the vortex was located below the mitral annulus and close to the lateral wall, occupying the substantial chamber of the LV. A small vortex was observed at corner between the inflow tract and the outflow tract with clockwise rotation. The small corner vortex appeared later than the main vortex, and both the vortices persistent throughout diastole.

![Streamline in the normal LV and TA patients before and after operation during diastole. (A: streamlines in normal left ventricle during early diastole; B: streamlines in TA before operation during early diastole; C: streamlines in TA after operation during early diastole; D: streamlines in normal left ventricle during late diastole; E: streamlines in TA before operation during late diastole; F: streamlines in TA after operation during late diastole).](medi-97-e9510-g005){#F3}

The main vortex was observed in only 11 patients (85%) in the pre-op group but appeared in all of the 13 patients (100%) after surgery. Furthermore, the vortex in the pre-op group was closer to the LV base region in position when compared with the normal control group. In regard to the small vortex presented at corner between the inflow tract and the outflow tract in the normal LV, it was only observed in 1 patient (8%) during late diastole and 2 patients (15%) during ED in the pre-op group and 3 patients (23%) during late diastole in the post-op group.

In the ED, the TA patients demonstrated smaller diameter (I~D~) of the main vortex when compared with the normal control group (*P* = .015). In the late diastole, the length (I~L~), and the diameter (I~D~) of the main vortex in the TA pre-op and post-op groups were significantly smaller than in the normal control group (all *P* \< .05). The pre-op TA patients group showed significant smaller circularity index (CI) of the main vortex when compared with the normal control group (*P* = .027); however, the post-op group showed a significant increase in CI values when compared with the pre-op group (*P* = .028) (Table [3](#T3){ref-type="table"}).
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Characteristics of vortices among 3 groups during diastole.
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4. Discussion
=============

TA has abnormal systolic and diastolic function.^\[[@R18]\]^ Evaluating its function before and after surgery is conducive to the preoperative diagnosis, surgical strategy, postoperative follow-up, and prognosis. Therefore, accurate and simple quantitative evaluation of the blood flow is essential to the comprehension of ventricular function.

Clinically, the TA patients showed significant decrease in blood oxygen saturation level but improved after surgery, which is a significant manifest of the efficiency of surgery. Even though the systolic and diastolic blood pressure values were higher in the post-op group, but all the blood pressure values were in the normal range of the patients' ages. The increase of blood pressure after surgery might be a sign of increased systemic vascular resistance.^\[[@R2],[@R19]--[@R21]\]^

TA is characterized primarily by complicated anatomy, chronic hypoxia, and increased blood viscosity, together with changes in heart capacity and load, causing LV chamber to expand. Volumes increase as a response of adaptive to maintain the SV and normal cardiac output. After this early compensative stage, the process is driven predominantly by enlarged ventricular chamber and a shift from an elliptical to a more spherical chamber configuration.

During early systolic dysfunction, the ventricle enlarges with greater increase of the short axis than the long axis (sphericity), the spherical change may help the ventricle to compensate by increasing the volume to maintain normal SV. Gradually, the LV remodeling promotes the deterioration of ventricular function, and eventually advancing heart failure.^\[[@R22]\]^ This remodeling and deterioration of the LV can be stopped or reversed after palliative surgery such as Fontan operation. The LV remodeling of TA was manifested as the changes in LV length, diameter, width, and SI. The length of the LV in the TA pre-op group was smaller than in the normal control group, and showed an increase in value in the post-op group (*P* \< .05). The diameter and the width of the LV were larger in the TA pre-op group than the normal control, and demonstrated a decrease in the post-op group (*P* \< .05). Both diameter and width increase in TA patients was the manifestation of the increase of sphericity of LV, so was the SI values (*P* \< .05). All of the CFD-derived geometric evidence of LV remodeling in TA patients were improved after surgery.

Right ventricular chamber in TA had small capacity, along with the existence of septal defect, resulting in the compensatory expansion and volume overload of left ventricular chamber; therefore, the volumes of patient (EDV, ESV, SV) were larger than that of normal. After Glenn or Fontan operation, the blood of vena cava was directly shunt to the pulmonary artery, capacity load of LV was alleviated; therefore, the LV volume decreased, but still larger than that of normal LV volume. CFD-derived volumetric measurements were sufficient to reveal the pathological changes of TA and the turnaround of LV after surgery. In addition, the qualitative comparisons on L~LV~, D~LV~, W~LV~, EDV, ESV, and SV showed good correspondence between the CFD-reconstructed results and ECHO measured values, which identified the reliability of CFD methodology in measurement of diameters and assessment on cardiac functions.

The left ventricular diastolic filling process is an active process, which plays a very important role in the function of the heart.^\[[@R22]\]^ As diastolic flow inside the ventricular chamber is dominated by strong vortices, spatiotemporal tracking and analysis of vortices with CFD provide both quantitative and qualitative flow data that can be related to ventricular physiology.^\[[@R22]\]^ Diastolic vortices store momentum and release it during ejection. Dissipation of vortex will reduce cardiac work efficiency.^\[[@R22]\]^ Therefore, the change of vortex can reflect the change of fluid in early left ventricular dysfunction. In addition, the asymmetry of vortex inside normal LV formed during diastole is essential to augment cardiac performance.^\[[@R23],[@R24]\]^ Once the normal asymmetry structure of the vortex in the LV is changed, it will lead to cardiac insufficiency.^\[[@R24]\]^ In TA patients, due to the change of ventricular shape and irregular enlargement, with volume overload, the LV became more symmetric, resulting in the blood directly flow toward the apex and fanned out, causing vortices to be smaller and closer to the mitral annulus, failed to form a large whirlpool, not conducive to effective energy transformation. The change of the shape and location of the vortex showed scattered blood flow in the LV, which reflected the abnormality of the cardiac diastolic function of TA.

In this first report of using CFD on TA patients, CFD simulation simplified LV geometry without detailed delineation of papillary muscles and valves, but the good agreements between CFD reconstructed models and ECHO measured values, demonstrated the ability of CFD in accurately evaluating the anatomic abnormalities of TA. Furthermore, CFD demonstrated convenience in providing detailed information about intraventricular flow pattern. The change of existence and shape of vortex in pre-op and post-op TA patients suggested the capability of CFD to detect the surgical alteration of the hemodynamics in the LV, which can be further utilized in other congenital cardiac conditions. This initial CFD study in TA patients did not present a long-term follow-up result to reveal the benefit of different intraventricular flow patterns due to the varied follow-up period; however, CFD can definitely be applied to patients who underwent surgery for long-term follow-ups.
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